Modelling and calculations of a contact layer between elements joined in a preloaded bolted connection for the operational condition are presented. The physical model of the bolted connection is based on a flexible flange element that is joined with a rigid support by means of the no-bolt model (at the assembly stage) or the rigid body bolt model (at the operational stage). The contact layer between joined elements is described as the nonlinear Winkler model. The contact joint model considering an experimental normal elastic characteristic is presented. Examples of normal contact pressure and normal contact deformations distributions are contained.
INTRODUCTION
Preloaded bolted connections are an excellent alternative to other structural joints used in mechanical engineering. By the suitably carried out pretensioning process it is possible to prevent both the phenomenon of loosening the connection [1] or its leakage phenomenon [2] . Therefore, works on modelling of the contact layer between elements joined in such connections are very important.
Currently, in modelling of the contact joint in bolted connections the finite element systems are often used [3] [4] [5] . However, using standard contact elements available in these systems, only constant stiffness coefficients for each contact element at the contact surface can be taken into account. Meanwhile, in the analysis of the contact of elements joined in the bolted connection with an experimentally defined characteristic [6] , it is necessary to take into consideration variations of stiffness coefficients for each element of the contact layer. Then creation of specific calculation procedures and using them in conjunction with calculations carried out in the finite element computer system is required.
In the present paper the method for individual modelling of elastic properties of the contact layer's elements is proposed. The study is conducted on the example of the contact joint of elements in the preloaded bolted connection loaded externally by a normal force.
PHYSICAL MODEL OF THE BOLTED CONNECTION
A general structure of the bolted connection model is illustrated in Figure 1 . The model is based on a fragment of a flexible flange element that is fastened to a rigid support by means of a bolt. Calculations are carried out in two stages. During tightening the connection, the bolt is modeled only as an input force (Figure 1b) . However, in the operational condition, the bolt is treated as the rigid body bolt model [7] (Figure 1c) .
A nonlinear contact layer between the flange element and the support is modeled as the Winkler model, which is defined by means of a set of j ( j = 1, 2, …, l ) one-sided spring elements, described by the following relationship:
where: R j -the force in the centre of the j-th elementary contact area, p nj -normal contact pressure at the j-th elementary contact area, u nj -normal deformation of the j-th nonlinear spring element, A j -the j-th elementary contact area.
Structuring the contact layer model is run in the following steps: Based on the 2D finite element mesh on the contact surface between the flange and the support, a uniform 3D finite element mesh for all the volume of the flange is generated.
The equation of system equilibrium (Figure 1) can be written in the form:
where: K -the stiffness matrix, q -the displacements vector, p -the loads vector.
Assuming the division of the model into three subsystems (B -the bolt, F -the flange element, C -the contact layer), the equation (2) can be rewritten as follows: At the assembly stage, the system is composed of only two subsystems (F and C), preloaded by the force F n (Figure 1b) . Then the equation (3) (6) Both in the assembly and the operational condition, by solving the system of equations one obtains the displacements vector q C :
In the next step, reactions R j can be computed based on the relationship (1).
Solution of equations (4) and (6) is conducted in an iterative process using the secant method. In the case of the bolt tightening, the linearization runs according to the way shown in Figure 3a , starting from the origin of the coordinate system. And in the case of the operational stage, it starts with the working points WP j corresponding to the preload of the j-th nonlinear spring element.
The linearization process is kept running until the following condition has been met: (8) where: R' α -the reaction in the j-th nonlinear spring obtained from the linearization, α -the index dependent on the case of the calculation process (α  {j, mj}), ε -the admissible error of the linearization.
The diagram of iterative calculations of the bolted connection is shown in Figure 4 .
EXAMPLE CALCULATIONS
According to the presented method, computations of a bolted connection of a flange shown in Figure 5 with a rigid support were realized. The subject of the research is a connection of a quarter of the flange EN 1092-1/01/DN25/PN6/ S235JR [8] with the rigid support performed by means of the bolt M10 of mechanical property class 5.6. The preload of the bolt F n is equal to 14,9 kN and it is set down on the base of Polish Standard [8] . The surface area of preload influence A n is equal to 69,75π mm 2 and it is set down on the base of Polish Standard [9] . After the preloading process, the connection is loaded by a normal force F e equal to 10 kN as shown in Figure 5 .
Calculations were carried out by means of the Midas NFX 2014 finite element program. The bolt is modeled with two types of elements: • the plain part of the bolt is treated as a bar element, • the bolt head is treated as a rigid element.
Elastic properties of the nonlinear contact layer are described as the following power function (obtained for a sample contact of elements joined in a multi-bolted connection [6] As results of calculations, normal contact pressure and normal contact deformations distributions for two tested conditions were received. The graphs were presented in Table 1 .
